A promising bulky anion based lithium borate salt for lithium metal batteries A novel lithium salt, LiTFPFB, has been prepared and exhibits high conductivity, high t Li+, superior oxidation potential, and non-corrosivity to Al current collector up to 4.5 V. Moreover, the fl uoroalkoxyl group in LiTFPFB enables the formation of a favorable protective fi lm on the lithium anode, which eff ectively prevents corrosion of Li metal with the electrolyte. Therefore, the LiFePO 4 /Li and LiCoO 2 /Li cells using LiTFPFB/PC electrolyte show superior cycling stability and rate performance, suggesting that LiTFPFB would be a promising salt for next generation lithium metal batteries with improved safety and electrochemical performance. A new salt of lithium trifluoro(perfluoro-tert-butyloxyl)borate (LiTFPFB) which possesses a bulky fluoroalkoxyl functional group in the borate anion has been synthesized for high energy lithium metal batteries. The presence of the bulky fluoroalkoxyl group in the borate anion of LiTFPFB can facilitate ion dissociation and in situ generate a protective film on the Li anode. As a result, LiTFPFB possesses a dramatically improved ionic conductivity and LiFePO 4 /Li cells using 1.0 M LiTFPFB/PC electrolyte exhibit improved capacity retention especially upon cycling at elevated temperature (60 C). Ex situ surface analysis reveals that a protective film is formed on the lithium metal anode, which can inhibit further decomposition of the electrolyte. Furthermore, the LiTFPFB based electrolyte also imparts an excellent cycling performance to LiCoO 2 /Li metal cells for 500 cycles. The outstanding performance of the LiTFPFB salt demonstrates that it is a very promising baseline salt for next generation lithium metal batteries.
Introduction
Current Li-ion batteries (LIBs) are widely used for portable electronics, electric vehicles, and stationary grid-energy storage devices.
1,2 The salt in LIBs plays a critical role in battery performance, being the primary source of free conducting lithium ions, and also mediates the formation of a solid electrolyte interface (SEI) at the electrodes. To date, LiPF 6 has been the most commonly used salt for commercial LIBs due to its optimum combination of ionic conductivity, electrochemical window, and electrode interfacial properties. 3 However, the large-scale application of LiPF 6 has raised safety concerns due to its poor chemical and thermal stability in lithium ion batteries, especially for the promising lithium metal batteries.
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LiBF 4 (shown in Scheme 1) is well known for its superior thermal stability, non-corrosivity to the Al current collector, and improved low temperature performance arising from reduced charge-transfer resistance. 4, 5 However, it is rarely used as a baseline salt in lithium ion batteries because of the unsatisfactory ionic conductivity resulting from the low dissociation degree arising from strong coulombic interactions between the anion and the lithium ion. 6 The introduction of a bulky electron-withdrawing group into the anion has been considered as one of the most promising strategies for improving the ionic conductivity of the lithium salt due to its weak coulombic interactions. 7, 8 For example, Ue and coworkers prepared lithium pentauoroethyltri-uoroborate (LiFAB) by substituting one F À in LiBF 4 by a bulky uoric group. 9 The ionic conductivity of 1.0 M LiFAB in EC/EMC (30 : 70 vol%) reaches 8.0 Â 10 À4 S cm À1 at room temperature, which is twofold higher than that of LiBF 4 (3.6 Â 10 À4 S cm À1 ).
However, LiFAB displays worse oxidation stability than LiBF 4 and deteriorated battery performance at elevated temperature (higher than 60 C). Alternatively, Zhang synthesized lithium diuoro(oxalate)borate (LiDFOB) by using one oxalate anion to substitute two F À in LiBF 4 . 10 The ionic conductivity is enhanced and simultaneously a stable SEI is formed on the graphite anode. However, LiDFOB is less thermally stable than LiBF 4 .
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On the other hand, the uoroalkoxyl functional group, usually existing in uoric carbonate solvent, can decompose and in situ form an elastomeric polymeric matrix SEI on Scheme 1 Structures of LiBF 4 and LiTFPFB.
graphite, 11 lithium silicon alloys, 12 and Li metal surfaces. 13 The as-formed SEI can effectively suppress Li dendrite growth and inhibit further decomposition of the electrolyte, 11 making the uoroalkoxyl functional group very attractive for next generation high energy lithium metal batteries. It is also noted that the introduction of the uoroalkoxyl group into a lithium or/and magnesium salt anion can signicantly improve the oxidation stability of the salt, as observed in Long's 14 and our previous studies. 15 However, to the best of our knowledge, there are relatively few studies devoted to the introduction of the electron-withdrawing uoroalkoxyl group into the lithium salt anion to protect the lithium metal anode.
Herein, we for the rst time intend to introduce a bulky uoroalkoxyl functional group to substitute one F À in LiBF 4 inspired by the aforementioned advantages of the uoroalkoxyl group in ionic conductivity and oxidation stability improvement as well as its function in lithium metal protection. As a result, a novel lithium salt, namely the triuoro(peruoro-tert-butyloxyl)borate (LiTFPFB) salt (shown in Scheme 1), has been synthesized by a one-step reaction. The effective species of the salt have been analyzed by high resolution mass spectrometry (HR-MS), and F NMR and HR-MS spectra ( Fig. 1 and S1 and S2 †). In the 11 B spectrum, the char- NMR spectra (Fig. 1b) conrms the total conversion of reactants. Therefore, it is concluded that LiTFPFB is successfully synthesized in this study. The ionic conductivities of 1.0 M LiTFPFB/PC were 5.4 Â 10 À4 S cm À1 at 25 C and 1.1 Â 10 À3 S cm À1 at 80 C, respectively. The activation energy was calculated to be 11.17 kJ mol À1 , which is lower than that of LiBF 4 (12.64 kJ mol À1 ). In the whole temperature range, the ionic conductivity of the LiTFPFB based electrolyte is about three times higher than that of LiBF 4 . This result conrms that the bulky anion TFPFB À is benecial for the delocalization of the lithium salt, which can lower the dissociation energy and thus enhance the ionic conductivity. 17 These ndings are well in accordance with the DFT results ( Table 1) . As a result of the low mobility of the larger anion size, the lithium-ion transference number can attain a value of 0.48 (shown in Fig. S3 †) , which is superior to that of the classical LiBF 4 salt (t Li + ¼ 0.30).
Ionic conductivity and electrochemical properties
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The compatibility of LiTFPFB with the Al current collector was characterized by cyclic voltammetry compared with LiBF 4 .
As a reference, the uoroalkyl-containing salt lithium bis(triuoromethane-sulphonyl)imide (LiTFSI) in PC solvent was also evaluated (Fig. 3a) . For the LiTFSI based electrolyte, the current increases markedly when the applied potential exceeds 4.5 V vs. Li + /Li and persists during the negative sweep down to 3.7 V. Hysteresis in the cyclic voltammogram is an indicator of Al corrosion, which is consistent with the result obtained by Evans et al. 19 The low corrosion potential of Al at around 3.7 V may be due to the strong interaction between TFSI À and the cation in the passivation lm of Al, which may lead to higher solubility of the passivation species. In sharp contrast, the corresponding current responses of LiBF 4 and LiTFPFB electrolytes are much smaller than that of LiTFSI. Furthermore, the cathodic current of the LiTFPFB based electrolyte is smaller than that of LiBF 4 , as shown in the inset of Fig. 3a . These results indicate that LiTFPFB possesses the best compatibility with the Al current collector among the three measured salts. Moreover, chronoamperometry was further used to evaluate the compatibility of LiBF 4 and LiTFPFB with Al ( Fig. 3b and S4 †) . 20, 21 As depicted in Fig. 3b , the initial rapid decrease of the anodic current on a fresh Al surface indicates instant formation of the passivation layer.
22 The LiTFPFB based cell shows no sign of corrosion until the potential reaches ca. 4.5 V, which is consistent with the CV results described above, indicating enhanced Al current collector stability up to 4.5 V versus Li + /Li.
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In addition, the corrosion current collected at t ¼ 10 3 s vs. the applied potential is plotted in the inset of Fig. 3b . It is noted that the LiTFPFB based electrolyte shows lower current density than that of LiBF 4 even above 4.5 V. These results indicate that the LiTFPFB based electrolyte is more compatible with the Al current collector than that of LiBF 4 . The oxidation behaviors of both electrolytes were investigated by linear sweep voltammetry (LSV) using Pt as the working electrode. As shown in Fig. 3c , the anodic current of the LiBF 4 based electrolyte is very low below 4.5 V (vs. Li + /Li) and then increases distinctly when the voltage exceeds 4.6 V corresponding to the known electrolyte decomposition. 23 For the LiTFPFB based electrolyte, the initial oxidation potential is observed at 4.5 V, followed by a slight increase. All these observations above verify that the oxidation decomposition of the electrolyte can be effectively suppressed and the Al current collector can be well passivated with LiTFPFB, which is well in agreement with the calculation result ( Table 1) .
Performance of lithium metal batteries (LMBs)
Polarization tests of the Li/Li symmetric cells with 1.0 M LiBF 4 / PC and 1.0 M LiTFPFB/PC based electrolytes were performed to investigate the interfacial stability of the Li/electrolyte interface. The Li/Li symmetric cells of both electrolytes were charged/ discharged for 1 h during each process at a constant current density of 0.5 mA cm À2 (Fig. 4a) . The cell with the LiBF 4 based electrolyte shows random voltage oscillations aer 300 hours and a large and irreversible voltage drop at around 480 hours, which is attributed to cell failure by a dendrite-induced short circuit.
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The short circuit could be veried by EIS measurements aer the charge/discharge process, which show a small impedance of 3.0 U (Fig. S5 †) . In contrast, the plating/stripping of lithium occurred at a low overpotential below 0.1 V until 500 hours for the LiTFPFB based cells, indicating that LiTFPFB plays a positive role in stabilizing the Li/electrolyte interface and ensures a long cycle life because it can form a favorable protective lm (further discussed in the next paragraph). In addition, the LiTFPFB based Li/Li symmetric cell also performs better than the LiPF 6 based one (see Fig. S6 †) . Furthermore, the compatibility between Li metal and the electrolyte can also be veried in Li/Li cells with an EIS spectrum. Aer 45 days, the interface resistance of the LiTFPFB based cell remains stable, while it still increases remarkably for the LiBF 4 based cell (Fig. S7 †) . It can be seen from Fig. S7a and c † that the interface resistance of LiTFPFB electrolyte varies from 95 U to 113 U; however, the interface resistance of LiBF 4 ( Fig. S7b and c †) is much larger than that of LiTFPFB (from 178 U to 377 U). The better interfacial stability of LiTFPFB mainly arises from the formation of a stable interface between the electrolyte and the Li anode, which prevents further corrosion of Li metal.
Moreover, coin-type Cu/Li cells were also used to investigate the cycling stability of Li plating/stripping. As shown in Fig. S8 , † the coulombic efficiency of the LiTFPFB based cell is 80.6% aer 50 cycles, which is higher than that of the LiBF 4 based one (60.3%), indicating improved stability of the LiTFPFB based electrolyte.
To explore the feasibility of lithium metal batteries with the LiTFPFB based electrolyte, long-term cycling measurements of LiFePO 4 /Li cells using both electrolytes were carried out at room temperature. As shown in Fig. 4b , the initial discharge capacities of the cells using LiBF 4 and LiTFPFB at a current rate of 0.2C are 151.4 and 151.9 mA h g À1 , respectively. The corresponding coulombic efficiencies of the two cells are 98.1 and 97.3%, respectively. These relatively low coulombic efficiencies are apparently due to the signicant decomposition of the electrolyte and SEI formation. 22 Aer the rst three cycles for SEI formation, the cells were cycled at a high current rate of 1C (160 mA g À1 ). As shown in Fig. 4b , aer 200 cycles, the LiTFPFB based cell retains nearly 99.3% of its fourth cycle discharge capacity with a smaller overpotential of 0.1 V (Fig. S9a †) , while the capacity retention of the LiBF 4 based cell is 83.1% with a higher overpotential of 0.12 V (Fig. S9b †) . Furthermore, an improved rate performance is also observed using 1.0 M LiTFPFB/PC electrolyte at room temperature (Fig. S10 †) . To better understand the excellent cell performance, the impedance spectra of the two cells were monitored during cycling and are shown in Fig. 4c and d . In general, the high-frequency intercept is attributed to the bulk resistance (R b ), and the two medium-frequency semicircles are associated with the interface resistance (R SEI ) and charge transfer resistance (R ct ), respectively. The equivalent circuit curve is shown in Fig. S11 † and the values of the tted impedance parameters are listed in Table  S1 . † Both the R b values of the LiTFPFB and LiBF 4 based cells remain relatively stable aer 1, 50, 100, and 200 cycles (Fig. 4c) . The R SEI of the LiTFPFB based cell is about 3.0 U aer one cycle, and then increases to 3.4, 6.5, and 8.5 U, aer 50, 100, and 200 cycles, respectively (Fig. 4d) . As a comparison, the R SEI of the LiBF 4 based cell is about 13.1 U aer one cycle, and dramatically increases to 26.0, 31.8, and 41.8 U aer 50, 100, and 200 cycles, respectively (Fig. 4d) . The large initial and dramatic increase of R SEI with cycling for the LiBF 4 based cell is because the lithium metal anode is continuously consumed by the electrolyte and a thick SEI layer is formed.
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The LiFePO 4 /Li cells with LiBF 4 and LiTFPFB were also cycled at elevated temperature (60 C), respectively. Aer three SEI formation cycles at 1C, the cells were cycled at a high current rate of 5C. As depicted in Fig. 5a , the LiTFPFB based battery delivers a superior cycling performance compared to that of the LiBF 4 based cell. Aer 150 cycles, the former retains 98.3% of the fourth cycle discharge capacity, while the capacity retention of the latter is only 62.5%. It is worth noting that the LiFePO 4 /Li cell also operates well with the LiTFPFB based electrolyte compared with the LiBF 4 based one at À5 C (Fig. S12 †) . The rate performances of the LiBF 4 and LiTFPFB based electrolytes were measured at different rates from 0.2C to 10C at 60 C. As shown in Fig. 5b , the LiTFPFB based cell shows better rate capability than that of LiBF 4 when the rate is varied from 0.2C to 10C. It is indicated that the former delivers a high reversible capacity of 145.8 mA h g À1 at 10C, while the corresponding capacity of the latter is only 116.5 mA h g À1 .
Furthermore, the selected charge/discharge curves of a LiTFPFB based LiFePO 4 /Li cell at 1C, 6C and 10C are plotted in the inset of Fig. 5b , demonstrating clear potential plateaus with a small overpotential, which indicates a highly reversible cycling process. The outstanding cycle and rate performance of the LiTFPFB based cells are closely related to the high ionic conductivity and the as-formed protective lm on the Li metal anode, which can suppress further decomposition of the electrolyte. To evaluate the morphologies of the Li anodes aer long-term cycling, the LiFePO 4 /Li batteries aer 150 cycles were disassembled inside a glovebox with an Ar atmosphere and the obtained electrodes were washed with anhydrous DMC, dried and further analyzed by eld emission scanning electron microscopy (FE-SEM). As shown in Fig. 5c -f, the Li surfaces of the LiBF 4 and LiTFPFB based cells exhibit entirely different morphologies. It is noted that, for the LiBF 4 based LiFePO 4 /Li cell aer 150 cycles at 60 C, the cycled Li metal exhibits dendritic features with a pulverized and porous morphology ( Fig. 5c and d) . A large amount of bulk Li was consumed during cycling due to the repeated breakage/repair of the SEI. 26 In addition, a pulverized layer is also observed on the newly formed Li dendrite (Fig. 5d) . In contrast, the cycled Li metal in the LiTFPFB based cell shows smooth features and absence of Li dendrites (Fig. 5f ), although the surface looks rimous (Fig. 5e) .
These results indicate that the protective lm on the Li anode can effectively suppress the parasitic reactions on the surface of the Li anode, thus improving the battery performance.
In order to investigate the composition of the protective lm, the surface chemistry of the cycled Li anodes was surveyed using X-ray photoelectron spectroscopy (XPS). Fig. 6 shows the XPS spectra of B 1s, C 1s, O 1s, and F 1s for the cycled Li anodes with 1.0 M LiBF 4 and 1.0 M LiTFPFB in PC, respectively. As shown in Fig. 6a , the XPS spectrum of B 1s for the LiBF 4 based cell can be deconvoluted into two peaks at 192 and 194 eV, which can be assigned to B-O (reaction product of LiBF 4 with ROCO 2 Li) and B-F species. 23, 27 In contrast, only B-O species can be observed in the LiTFPFB based cell, indicating the decomposition of TFPFB À on the Li anode. Fig. 6c . These results indicate the decomposition of the TFPFB À anion and the formation of a protective lm on the Li anode, which can inhibit further decomposition of the electrolyte, coinciding with SEM imaging. Furthermore, as for the F 1s spectra (Fig. 6d) , the three peaks located at 684.8, 685.6, and 686.8 eV for the LiTFPFB based cell can be assigned to LiF, C-F, and B-F compounds, respectively, 23 which originate from the -CF 3 (ref. 13 ) and -BF 3 groups in the TFPFB À anion. Similarly, the LiF and B-F species in the LiBF 4 based cell originate from the decomposition of LiBF 4 . In addition, comparing the Li anode aer 1 and 100 cycles, the dramatic concentration increase of C species (from 8.9% to 45.0%) and sharp concentration decrease of F species (from 35.1% to 9.0%) may further verify the decomposition of the TFPFB À anion (Fig. S13 , Table S2 †), in agreement with the mechanism proposed by Abraham et al. 12 Based on the above results, it can be concluded that the decomposition of LiTFPFB can form a protective lm containing a large number of C-C groups on the Li anode, which can effectively prevent further corrosion of Li metal.
For practical application in high energy lithium batteries, the LiTFPFB based electrolyte should also be compatible with the LiCoO 2 electrode, since it is most commonly used as the standard cathode in state-of-the-art Li ion batteries. To demonstrate the compatibility of LiTFPFB with the LiCoO 2 cathode, LiCoO 2 /Li cells were assembled and evaluated at a current rate of 1C between 2.75 and 4.35 V. Fig. 7 shows the long-term cycling performance of the LiTFPFB and LiBF 4 based cells. The initial discharge capacities of the LiTFPFB and LiBF 4 based cells are 151.7 and 138 mA h g À1 at 0.2C, with the corresponding coulombic efficiencies of 99.6 and 99.2%, respectively. The former also exhibits a remarkably improved cycling performance compared to the latter at a current rate of 1C (140 mA g À1 ). The LiTFPFB based cell retains 91.1% of the fourth cycle discharge capacity aer 500 cycles with a coulombic efficiency of 99.5%, while the capacity retention of the LiBF 4 based cell is 89.2% with a coulombic efficiency of 99.3%. These results indicate that the LiTFPFB based electrolyte is more compatible with the LiCoO 2 based cathode than the LiBF 4 based one under a high voltage of 4.35 V, making LiTFPFB a promising candidate for practical application in high power and energy density rechargeable lithium batteries.
Conclusions
In summary, a novel lithium salt, LiTFPFB, has been prepared by a one-step Lewis acid-base reaction. The LiTFPFB salt with a bulky anion exhibits a t Li + value as high as 0.48, superior oxidation potential, and non-corrosivity to an Al current collector up to 4.5 V. The ionic conductivity of the LiTFPFB/PC electrolyte is three times higher than that of the LiBF 4 /PC electrolyte over the whole temperature range. Crucially, the uoroalkoxyl group in LiTFPFB enables the formation of a favorable protective lm on the lithium anode, which effectively prevents further corrosion of Li metal with the electrolyte. Together with high ionic conductivity and lithium anode protection properties, LiFePO 4 /Li cells using LiTFPFB/PC electrolyte show superior cycling stability and rate performance compared to those of LiBF 4 /PC electrolyte at room temperature and elevated temperature (60 C). More importantly, LiTFPFB based LiCoO 2 /Li cells also show improved cycling performance. All of these results suggest that LiTFPFB would be a promising salt for next generation lithium-metal-based batteries with improved safety and electrochemical performance.
Conflicts of interest
There are no conicts to declare.
